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o WHIZARD: Introduction

P—————

WHIZARD v2.2.6 (02.05.2015) http://whizard.hepforge.orge ~  <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR, Bijan Chokoufé/Marco Sekulla/Christian Weiss/Florian

Staub + 2 Master + 2 PhD (soon) EP] C71 (2011) 1742

* Universal event generator for lepton and hadron colliders

* Modular package: - Phase space parameterization (resonances, collinear emission, Coulomb etc.)

O’Mega optimized matrix element generator (recursiveness via Directed

VAMP: adaptive multi-channel Monte Carlo integrator

CIRCEI/2: generator/simulation tool for lepton collider beam spectra
Lepton beam ISR Kuraev/Fadin, 2003; Skrzypek/Jadach, 1991
Color flow formalism Stelzer/Willenbrock, 2003; Kilian/Ohl/JRR/Speckner, 201 |

o Interfaces to external packages for Feynman rules, hadronization, tau decays, event formats,

analysis, jet clustering etc.: FastJet, GoSam, GuineaPig(++), HepMC, HOPPET, LCIO,
LHAPDF(4/5/6), LoopTools, OpenLoops, PYTHIA6, [PYTHIA8], StdHep
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WHIZARD Parton Shower
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———
Two independent implementations: kT-ordered QCD and Analytic QCD shower
Analytic shower: no shower veto = exact shower history known, allows reweighting
Kilian/JRR/Schmidt/Wiesler, JHEP 1204 013 (2012)
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Technical overhaul of the shower / merging part
Plans: implement GKS matching, QED shower (also interleaved, infrastructure ready)
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2) Fixed-order NLO automation

& POWHEG matching
in WHIZARD

e®.

BE:{ J.R.Reuter QCD NLO/Top Threshold in WHIZARD Radcor/Loopfest 2015, UCLA, 18.6.15



o NLO Development in WHIZARD

JP———T—

o Need for precision predictions that match (sub-) percent experimental accuracy

o mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interference), WHIZARD reads contract

3. NLO matrix element library loaded into WHIZARD
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o mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interference), WHIZARD reads contract

3. NLO matrix element library loaded into WHIZARD

Working NLO interfaces to: *  GoSam [G.Cullen et al.] (Talk by G. Ossola)
(first focus on QCD corrections) * OpenLoops [F Cascioli et al.] (Talk by J.Lindert, P. Maierhofer)
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o NLO Development in WHIZARD

P————

o Need for precision predictions that match (sub-) percent experimental accuracy

o mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interference), WHIZARD reads contract

3. NLO matrix element library loaded into WHIZARD

Working NLO interfaces to: *  GoSam [G.Cullen et al.] (Talk by G. Ossola)
(first focus on QCD corrections) * OpenLoops [F Cascioli et al.] (Talk by J.Lindert, P. Maierhofer)

WHIZARD v2.2.6 contains alpha version

QCD corrections (massless and massive emitters)

alpha power = 2
alphas _power = @

process eett = el,E1 => t, tbar
{ nlo_calculation = “full” }
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o NLO Development in WHIZARD

J———

o Need for precision predictions that match (sub-) percent experimental accuracy

o mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interference), WHIZARD reads contract

3. NLO matrix element library loaded into WHIZARD

Working NLO interfaces to:

*  GoSam [G. Cullen et al.] (Talk by G. Ossola)
(ﬁ rst focus on QCD Corrections) * OpenLoops [F Cascioli et al.] (Talk by J. Lindert, P. Maierhofer)
ete™ — tt at NLO with WHIZARD
: ; 0.8 :
WHIZARD v2.2.6 contains alpha version . LO
p *, NLO, GoSam
0.7 - * NLO, OpenLoops
QCD corrections (massless and massive emitters) 6l
E; 05-;ﬁ
alpha_power = 2 |
alphas _power = @ 0.4
process eett = el,E1 => t, tbar 0.3 |
{ nlo_calculation = “full” } 0
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o NLO Development in WHIZARD

o Need for precision predictions that match (sub-) percent experimental accuracy
o mainly NLO corrections, but also QED and electroweak (ee)
Binoth Les Houches Interface (BLHA): Workflow
|. Process definition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interference), WHIZARD reads contract
3. NLO matrix element library loaded into WHIZARD
Working NLO interfaces to: * GoSam [G. Cullen etal] (Talk by G. Ossola)
(ﬁrst focus on QCD Corrections) * Openl_.oops [F Cascioli et aI] (Talk b)’J Lindert, P. Maierhéfer)
e*e~ — bW W~ at NLO with WHIZARD
700 . . . . T T
WHIZARD v2.2.6 contains alpha version i e
QCD corrections (massless and massive emitters) 00
= 400 |'
= |
alpha_power = 2 ® 300 |
alphas _power = @ 200 |
|
process eett = el,E1 => t, tbar 100 | |
{ nlo_calculation = “full” } . |
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o NLO Development in WHIZARD

JP———T—

o Need for precision predictions that match (sub-) percent experimental accuracy

o mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interference), WHIZARD reads contract

3. NLO matrix element library loaded into WHIZARD

Working NLO interfaces to: * GoSam [G.Cullen et al] (Talk by G.Ossola)
(first focus on QCD corrections) * OpenLoops [F Cascioli et al.] (Talk by J.Lindert, P. Maierhofer)
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?/I¥ FKS Subtraction (Frixione/Kunszt/Signer)

P———

Subtraction formalism to make real and virtual contributions separately finite

doNLO = / (daR — das) —I—/ do® + / doV
n+1 n—+1 n

A\ - 7 \ - 7
™~ BN/

finite finite

DEsy ) . R.Reuter  QCD NLO/Top Threshold in WHIZARD Radcor/Loopfest 2015, UCLA, 18.6.15



?‘/I§ FKS Subtraction (Frixione/Kunszt/Signer)

Subtraction formalism to make real and virtual contributions separately finite

doNLO = / (daR — das) —I—/ do® + / doV
n+1 n—+1 n

A\ - 7 \ - 7
™~ BN/

finite finite

Automated subtraction terms in WHIZARD,
3 algorithm:

* Find all singular pairs

' I = {(175)7(176)7(275)7(276)7(576)}
5 * Partition phase space according to singular regions
=5 (@)
acl

* Generate subtraction terms for singular regions
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%IT FKS Subtraction (Frixione/Kunszt/Signer)

Subtraction formalism to make real and virtual contributions separately finite

doNLO = / (daR — dO’S) —I—/ do® + / doV
n+1 n—+1 n

A\ - 7 \ - 7
™~ BN/

finite finite

Automated subtraction terms in WHIZARD,
3 algorithm:

* Find all singular pairs

' I = {(175)7(176)7(275)7(276)7(576)}
5 * Partition phase space according to singular regions
=5 (@)
acl

* Generate subtraction terms for singular regions

Soft subtraction involves Collinear subtraction involves
color-correlated matrix elements: spin-correlated matrix elements:
B~ — Y AMQ(T;) O(T;) A™*, (ko

_ d (n) 4(n)=*

(.ul.or B o~ Re cm'ra A A

+ —
e [kcmkrad] (UZ"
spin
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</L Examples and Validation

J———
o(s)/pb
Simplest benchmark process: |
2000 "'/L
ete” — q7 with (O‘NLO - gLO) G oy
2000
Plot for total cross section for fixed 1000
strong coupling constant 500 (NLO-LO)/LO*10000 o )
200 \L()
NLO™\_
. x 100 N
List of validated QCD NLO processes .
o= Sl .
® GEECHL > 20 ,
qq 60 70 80 9I0 1(30 110
Vs/GeV

e cTe” —qqg

o o = e e Cross-checks with MG5_aMC@NLO

o ete” —LTyqq * Phase space integration for virtuals performs great
o cte” =it

o cTe” —=tWb

o efe” - WTW=bb

o cte” —ttH

@
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Examples and Validation

o(s)/pb
Simplest benchmark process: ,
5000 .AL
ete” — qq with (O‘NLO — O'LO) o=t
2000
Plot for total cross section for fixed 1000
strong coupling constant 500-__ (NLO-LO)/1.0710000 S
200 / NLO LO
. i 100
List of validated QCD NLO processes .
= = .
v S 284 qq ? 60 70 80 910 100 110
V8/GeV
e cTe” —qqg
SR qq * Cross-checks with MG5_aMC@NLO
o ete” —LTyqq * Phase space integration for virtuals performs great
e ete  — it
o e —itWb § + QCD NLO infrastructure in pp almost complete
o ete S WHTW—bb + First attempts on electroweak corrections, ,
# interfacing the RECOLA code [Denner etal.] §
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o NLO Fixed-Order Events

P

Add weights of real emission events to weight of Born kinematics using the FKS mapping
Output weighted events in WHIZARD (e.g. using HepMC), then analysis with Rivet
Example process: eTe™ — WHTW ~bb

ete™ = WHOIW=b, Njus =2 ete™ = WHBIW™b, Njus =2,  |mwe —me| < 1GeV
= - = -
o i — LO o i — LO
£ 100 L NLO £ HLO
4§ - 4§ i
10! - 10% —
1 -
"HIZARD+OnEGA+OPENLOOPS WHIZARDH+OMEGA+OPENLOORS
Illlll'lllllll'llllll'Illll —Illlll'lllllll'llllll'lllIl
1.4 1.4
3 1.23— l—l | 5 1.23_
(¥} - [5] -
0.8 0.8
0‘6-—I|lllllll|llI'llllll'llllll 0‘6_—IIIII]'lllllll'llllllI'Illlll
166 168 170 172 174 176 178 180 166 168 170 172 174 176 178 180
mwp [GeV] mwbu [GeV]
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[h/GeV]

do
r{ o

K-Factor

Add weights of real emission events to weight of Born kinematics using the FKS mapping

NLO Fixed-Order Events

Output weighted events in WHIZARD (e.g. using HepMC), then analysis with Rivet

Example process: ete™ — WTW ~bb

ete™ =5 WHOIVTh,  Niwe =2,  nws —my| < 1GeV
- — LO
—— NLO
WHIZARD+OMEGA+OPENLOOPS
11 l 11 1 l 111 I 111 l 11 1 l 11 1 | 111 I IL‘I | 11 1
__llllllllllIlll]lllllllllllllllllll
40 G0 80 100 120 140 160 180 200
Pr(GeV]

% [b/GeV]

K-Factor

ete™ =5 WHOIVTh,  Nws =2, |mwey —me < 1GeV
- LO
- NLO
- VFHIZARD+OMEGA+OPENLOOPS
: 1 1 1 I 1 1 1 | 1 1 1 1 1 l
- 1 \JJJI l 1 1 1 I 1 1 1 I 1 1 1 l
0 50 100 150 200
Ey[GeV]

j—; [h/GeV]

K-Factor

ete™ — WHpv—b,

JNTjel.s 2 23

[y, — my| < 1GeV

-llllllllllllllillllllllll

o
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11 1 l 11
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L | | 11

|
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I T
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[h/GeV]

do
r{ o

K-Factor

NLO Fixed-Order Events

Add weights of real emission events to weight of Born kinematics using the FKS mapping

Output weighted events in WHIZARD (e.g. using HepMC), then analysis with Rivet

Example process: ete™ — WTW ~bb

ete™ = WHHIV=h,  Njus =2,

[y, — my| < 1GeV

— LO
—— NLO
WHIZARD+OMEGA+OPENLOOPS
IIIIIIIIIIIIllllllllllllllllL‘llIII
__llllllllllIlll]lllllllllllllllllll
40 GO 80 100 120 140 160 18p
Pr(GeV]

% [b/GeV]

K-Factor

ete™ =5 WHOIVTh,  Nws =2, |mwey —me < 1GeV
- LO
- NLO
- VFHIZARD+OMEGA+OPENLOOPS
: 1 1 1 I 1 1 1 | 1 1 1 1 1 1 l
- 1 1 \JJJI l 1 1 1 1 I 1 1 ] 1 I 1 ] 1 1 l
0 50 100 150 200
Ey[GeV]

j—; [h/GeV]

K-Factor

ete™ = WHoIW=b, Njus =2, |mwe —my| < 1GeV
5 [—
2.5 N LO
o —— NLO
2 [
1.5 —
L=
0.5 |—
C WHIZARDH+OMEGA+OPENLOOPS
0 -I L1 1 | 11 11 | 1 11 1 l 1 L1 1 | 1 11 1 | 1 1
1.4
1.2 [~
1 : uﬁl.fn
s —LLU"
__lllll"llllllllllllll"llllll
150 200 250 300 350 400 450

mww [GO'\"’]

Next steps: produce polarized results (remember: ILC will always run with polarization)

Produce also plots including complete ISR photon radiation and beamstrahlung

Investigate the full 2 = 6 process: e+e- = bbepvv

[Chokoufé/Lindert/|RR/Pozzorini/VWeiss]
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. Automated POWHEG Matching in WHIZARD

JP———T—

o Soft gluon emissions before hard emission generate large logs
. 1 o
» Perturbative Os: |[Maon|” ~ 5 = log 1
T JEs
o Consistent matching of NLO matrix element with shower . . . .

e POWHEG method: hardest emission first [Nason et al.] 0(1) O(1) O(as)
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* Complete NLO events B(®,)=B(®,) +V(®,) + /d(bradR(CDnH)

Perturbative Os: |Mgoz|” ~ — — log

Soft gluon emissions before hard emission generate large logs
. T .
matrix element with shower
> > > >

Consistent matching of NLO
POWHEG method: hardest emission first [Nason et al.] 0(1) O(1) O(as)

1 e

kmin

i)

Automated POWHEG Matching in WHIZARD

* POWHEG generate events according to the formula:

do = B(@,) |ANORF™) + AN (br)

R((I)m—l)
B(®y)

dd rad]

e Uses the modified Sudakov form factor:

AgLo(kT) — eXPp [_/dq)rad

R(q)n+1)

B(®y)

Ok (1) — kT)]

QCD NLO/Top Threshold in WHIZARD

Radcor/Loopfest 2015, UCLA, 18.6.15



1. Automated POWHEG Matching in WHIZARD

Soft gluon emissions before hard emission generate large logs
) 1 kmax
Perturbative Os: |Msos|” ~ Wz — log == o
Consistent matching of NLO matrix element with shower . . . .

POWHEG method: hardest emission first [Nason et al.] 0(1) O(1) O(as)

* Complete NLO events B(®,)=B(®,) +V(®,) + /d(bradR(CDnH)

* POWHEG generate events according to the formula:

ior = 150, [ANLO(kmm) + ARFO(kr)

R((I)m—l)
B(®y)

dd rad]

e Uses the modified Sudakov form factor:

AgLo(kT) — eXPp [_/dq)rad

R((I)?H—l)
B(®y)

Ok (1) — kT)]

Hardest emission: k7** ; shower with imposing a veto

B < 0 if virtual and real terms larger than Born: shouldn’t happen in perturbative regions
Reweighting such that B > 0 for all events

POWHEG: Positive Weight Hardest Emission Generator own implementation in WHIZARD
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3) Top threshold in (N)LL (p)NRQCD
matched to (N)LO QCD
iIn WHIZARD
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</L Top Threshold at lepton colliders

R

ILC top threshold scan best-known method to measure top quark mass, AM ~ 30-50 MeV

Heavy quark production at lepton colliders, qualitatively:

Large I_q Small ',

eTe” > tt / U ete™— bb

Vs Vs

Threshold region: top velocity v~ s < |

e q

~ asfv (ag/v)? v)?

et q VNG:S<<1

@
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E/L Top Threshold Resummation in (p)NRQCD

P—

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M:v and M- v?
¢ Integrate out hard quark and gluon d.o.f. (for more details:  Talk by P Marquardt )
¢ Resummation of singular terms close to threshold (v = 0) Hoang/Teubner, 1999; Hoang et al., 2001

Phase space of two massive particles

5 (2] S

T k )

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
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t/L Top Threshold Resummation in (p)NRQCD

P—

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M-v?
¢ Integrate out hard quark and gluon d.o.f. (for more details:  Talk by P Marquardt )

¢ Resummation of singular terms close to threshold (v = 0) Hoang/Teubner, 1999; Hoang et al., 2001

Phase space of two massive particles

e 5 (2] Sl

g k i
x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
E G (SR () - F%(s)R%(s)

s-wave: LL-+NLL p—WaveNfUQ:NNLL

but contributes
at NLL differentially!
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E/L Top Threshold Resummation in (p)NRQCD

P—

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M:v and M- v?
¢ Integrate out hard quark and gluon d.o.f. (for more details:  Talk by P Marquardt )
¢ Resummation of singular terms close to threshold (v = 0) Hoang/Teubner, 1999; Hoang et al., 2001

Phase space of two massive particles

e 75 (2] Sl

g k i
x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
E G (SR () - F%(s)R%(s)

s-wave: LL-+NLL p—Wa,veNfUQ:NNLL

but contributes
at NLL differentially!

Coulomb potential gluon ladder resumption

Ct Ct i
t : t —
~ 1 ~ (N /V ~ (g
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E/L Top Threshold Resummation in (p)NRQCD

P—

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M:v and M- v?
¢ Integrate out hard quark and gluon d.o.f. (for more details:  Talk by P Marquardt )
¢ Resummation of singular terms close to threshold (v = 0) Hoang/Teubner, 1999; Hoang et al., 2001

Phase space of two massive particles

e 0t :UZ(%)kZ(aslnv)ix

T k )

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
E G (SR () - F%(s)R%(s) .

can be mapped onto effective ttV vertex

s-wave: LL-+NLL p—Wa,veNfUQ:NNLL

but contributes 7/2 Gu/e
at NLL differentially! Rv/a 9nLL . 1
(N)LL ™ “gv/a s "
Coulomb potential gluon ladder resumption far away from
t , t - —
| E w | w 8§ w{ & & 2

threshold
e®.

v/a ’U/CL ole
(D > g(N)LL (N)LL(as’ Mtp 9 \/ga -7 Ft)
BE:{ J.R.Reuter QCD NLO/Top Threshold in WHIZARD Radcor/Loopfest 2015, UCLA, 18.6.15

differential in off-shell tt phase space e



t/1§ TOP Threshold in WHIZARD with F Bach/A. Hoang/M. Stahlhofen

P—

o Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
« GV%0,ps, E+1iI't,v) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

W o Default parameters:
MS =172GeV, I';, = 1.54GeV,
b CL’S(Mz) = 0.118
RS pole LL/NLL
5 M = Mt (1 o A(C’oul.) )
W

¢y (v) G3(0, pt, E+ilt, v)
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</I§ TOP Threshold in WHIZARD with F Bach/A. Hoang/M. Stahlhofen

e

o Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
« GV%0,ps, E+1iI't,v) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

o Default parameters:
MS =172GeV, I, = 1.54GeV,
(Xs(Mz) = 0.118

W+

ole LL/NLL
M = L — A(co/uz.) )

08

0.6

04

0.2

— AM =30 GeV AM = 30GeV
0 L' 0 . . — ; . . — ;‘\}\\ . e ;‘: . . R ()'() —'______)
34 4L 344 \\\\H\ 540 945 340 342 ,,f”fx 344 346 348
Vs [GeV] Vs [GeV]
[Hoang & Stahlhofen ‘13] M X2 WHIZARD Vv2.2.3
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o Top Threshold in WHIZARD i  secwa Hoang siote

———

o Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
« GV%0,ps, E+1iI't,v) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

W o Default parameters:
MS =172GeV, I, = 1.54GeV,
b (Xs(Mz) = 0.118

ole LL/NLL
_ e = Mf (i A(Co/ul.) )

Theory uncertainties from scale variations:
W™ hard and soft scale

pr=h-my  ps= [ m

I i
1.5 : 1.4 :
: : '3 | [Hoang & Stahlhofen ‘13]
I ol 1
: LI \ 2.0
! 1.0 :
P 1 () N e 1
2 0.8 !
- S mmmm— : 1.5
# 0.6 ,
0.5 : E f
! 0.4 i 1.0
I 1
' 0.2 i
— ; AM =30 GeV | ™ i AM =30GeV
I
0 ffl “ : . . S— ,;‘\ . N — |‘k)\< " — .“: . " — 8 ()'() —".'-_/l 0.5
34c 245 77340 32 34 346 348 05 1.0 1.5 20
Vs [GeV] Vs [GeV] (/L h
[Hoang & Stahlhofen ‘13] M1 X2 WHIZARD v2.2.3
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— 0, stable against variation of cutoff AM [15-30 GeV]

JIY Sanity checks: correct limit for s

"‘
08 A.\[:30G0v ‘-,"\\~_~.‘
0.6 o6 a0 T
= = »
B S '
N 0.4 = 04
05 -- NRQCD calculation 49 - NRQCD calculation
- —  WHIZARD NLL ‘ —  WHIZARD NLL
0.0 » 09— S
340 342 344 346 348 340 342 344 346 348
Vs [GeV] Vs [GeV]

Why include LL/NLL in a Monte Carlo event generator?
Important effects: beamstrahlung; ISR; LO electroweak terms

More exclusive observables accessible

@E:S@ JR.Reuter QCD NLO/Top Threshold in WHIZARD Radcor/Loopfest 2015, UCLA, 18.6.15



— 0, stable against variation of cutoff AM [15-30 GeV]

JIY Sanity checks: correct limit for s

"‘
08 A.\[:30G0v /"\\
0.6 o6 T
I = |
& =
N 0.4 = 04 [
o5 -- NRQCD calculation - -+ NRQCD calculation
- —  WHIZARD NLL ‘ —  WHIZARD NLL
340 342 344 346 348 340 342 344 346 348
Vs [GeV] Vs [GeV]

Why include LL/NLL in a Monte Carlo event generator?
Important effects: beamstrahlung; ISR; LO electroweak terms

More exclusive observables accessible

— no Sstructure ?/L

0.8 ===beamstrahlung
== QED ISR
=—ISR + beamstr./ e

0.6

342 344 346 348
\/S_ [GeV] WHIZARD v2.2.3
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08 AM = 30GeV '_/-,' ".;-\' .

-- NRQCD calculation
—  WHIZARD NLL

0.0 .
340 342 344 346 348

\/.s-_ [GeV]

Why include LL/NLL in a Monte Carlo event generator?
Important effects: beamstrahlung; ISR; LO electroweak terms

More exclusive observables accessible

— no structure ?/L
0.8 LS

-==beamstrahlung
== QED ISR

- [SR + beamstr.

0.6

- i
—————
-
mm=
"
--------
"u
@

340 342 344 346

\s [GeV]

WHIZARD v2.2.3

Sanity checks: correct limit for s — 0, stable against variation of cutoff AM [15-30 GeV]

0.6

04

o —— NRQCD calculation

‘ —  WHIZARD NLL

0.0 e e e e

340 342 344 346 348
Vs [GeV]

Forward-backward asymmetry
(norm. = good shape stability)

. olpr =0 el
Agp = ¢ t
o(p; >0)+a(p; <0)
oo [ VHizarp L L

" WHIZARD NLL

s/p-wave resummation

2 0.06
< ﬁ
0.04
0.02/ only s-wave resummation
0.00 | |
340 342 344 346 348 350

Vs [GeV]

WHIZARD v2.2.3
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E/L Matching to continuum at LO and NLO

J——

12f 'NR O(cxs) exp. E | (/L
* Transition region between relativistic and N e 'p\
resummation effects 1.0} — :
i I -
* CLIC benchmark energies: — 0.8} :
o [ -
0.38TeV, T 06 ' LO
L I
- : . . 0.4 irelativistic |
Comparison of different approximations _ | afrect :
02/ |/ oo :
. . . ’ Importan
* Leading order approximation :_p> e

00=—— N e
» non-relativistic NLL approx. using TOPPIK 340 360 380 400 420 440
* relativistic NLO (ttV vertex off-shell @ Vs [GeV]
NLO) [Kizilersu et al., 1995; Davydychev et al., 2000]

I ] ]

* nonrelativistic O(Xs) expansion -2 E ,i\l—P:?'(g(s')'e'XP‘“-—N~R~I:I}I_'I ‘jL
e NLL resummed threshold — relativistic 1 O_ ------ 'E:;
NLO continuum matching — 0.8} :

* Soft nonrel. O(Xs) corrections vanishing as = LO

log(v) for v — |

0o > matchingregion < |
340 360 380 400 420 440

\fs [GeV]
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E/L Matching to continuum at LO and NLO

—— S S e S S B S
| 2 . : NR O(as) exp. : (_/L:
* Transition region between relativistic and : il P 'p\
resummation effects 1.0} — :
 CLIC benchmark enersgies: — 0.8/ 4
o I
0.38 TeV, C 0.6 LO

04

-----JI--

i 2 . : irelativistic
Comparison of different approximations ool ,effects -
. ; ! ' limportant
* Leading order approximation e i

1111111111111111111

0.0
* non-relativistic NLL approx. using TOPPIK 340 360 380 400 420 440

* relativistic NLO (ttV vertex off-shell @ Vs [GeV]
NLO) [Kizilersu et al., 1995; Davydychev et al.,2000] B

* nonrelativistic O(Xs) expansion

* NLL resummed threshold — relativistic
NLO continuum matching
* Soft nonrel. O(Xs) corrections vanishing as
log(v) for v — |
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E/L Matching to continuum at LO and NLO

J———— | I —
1 2 ‘NR O(O(s) exp : c/Lj
* Transition region between relativistic and N e 'p\
resummation effects 1.0} — :
L I -
e CLIC benchmark energies: — 0.8} l
Q. I I
0.38 TeV, N T LO
L i
I
Comparison of different approximations 04 jreaivistic |
P R 02 Ieffects -
. I I
¢ Leading order approximation jmeonant —

00=—— DU ]
» non-relativistic NLL approx. using TOPPIK 340 360 380 400 420 440
* relativistic NLO (ttV vertex off-shell @ s [GeV]
NLO) [Kizilersu et al., 1995; Davydychev et al., 2000] ' ]
L2 ——— JL ]

1.0 -

* nonrelativistic O(Xs) expansion

* NLL resummed threshold — relativistic _

NLO continuum matching 0.8

* Soft nonrel. O(Xs) corrections vanishing as ’
log(v) for v — |

o [pb]

0.6+

0'4; Error estimate preliminary: DON'T

Total uncertainty: matching and 02/ QUOTE M 1
h-f variation band ]

0.0° - ‘ -
340 360 380 400 420 440

\[s [GeV]
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</L Conclusions & Outlook

WHIZARD 2.2 event generator for collider physics (ee, pp, ep)

NLO automation: reals and subtraction terms (FKS) [+ virtuals
externally] — WHIZARD 3.0

allows to produce NLO fixed-order histograms

Automated POWHEG matching (other schemes in progress)

Top threshold in ete-: NLL NRQCD threshold / NLO
continuum matching
more to come: stay tuned
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t/L Conclusions & Outlook

P —

¢ WHIZARD 2.2 event generator for collider physics (ee, pp, ep)
¢ NLO automation: reals and subtraction terms (FKS) [+ virtuals
externally] — WHIZARD 3.0

¢ allows to produce NLO fixed-order histograms

©

Automated POWHEG matching (other schemes in progress)

Top threshold in ete-: NLL NRQCD threshold / NLO
continuum matching

©

©

more to come: stay tuned

e . (uantum
More power. e, Qe oo

More productivity.

More profits.
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i/L Pictorial summary: loops, legs, and subtractions
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t/L Pictorial summary: loops, legs, and subtractions

I —
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Phase Space Setup

WHIZARD algorithm: heuristics to classify phase-space topology, adaptive multi-channel
mapping = resonant, t-channel, radiation, infrared, collinear, off-shell

WHIZARD phase space channels

Process: cc10 (e™e™ = p~ byud)
Color code: resonanoce, --channel

Grove 1 e (32)

Multiplicity: 1 \ (1)

Resonances: 2 '. {0

Log-enhanced: 0 7 u(4)
t-channel: 0
e (16] i(8)

Grove 2

Resonances: 2

Log-enhanced: 1 dig)
t-channel: 1 / ;M(

Grove 3 e (32) d(8)

|
Multiplicity: 2 \ koo
Resonances: 2 .——{)u‘ .
Log-enbanced: 0 "' W e i (2)
t-channel: { / \

i (2) e (32)

e (18) g (1) :':ij

e (32) i (2)
iRl W (
Multiplicity: 2 a- (1)

WHIZARD phase space channels

Process: gattéec (uii — B W)

infrared, collinear, external/ofi-shell Color code: resonance, t-channel, « infrared, collinear, external /off-shell

] e (32)

d(s d(s) e (32 u{d) Grove 1] u(32) w
v e
ul
\

\ \
0 I ) A\ = Multiplicity: 2 \ : /ﬁ ”
‘..f ' ) ‘/1\~u i A Resonances: 2 i““‘ . o
[ \\w':'.:'z‘ m 2 / "(u, m Log-enhanced: 0 / 1 W)
‘ " i (16) z] b(1)

/ . ,’ e -! t-channel: 0

/ ' '
1) e (16) E d(8)

=

Grove 3 u(32) b(2) = (32) W+ (q)
Z
Multiplicity: 3 \r<6=.1' \\'J’ W- (8)

Resonances: 1

Log-enhanced: 2 N W ) 52
t-channel: 2 M /\7{
(16 w-(8) &(18) b(1)

Grove 6 u(32) W) u(32) W ()

Multiplicity: 3 liﬁ‘l' \'/f b1}
Resonances: 1 ¢ |
' o &

Log-enhanced: 1 b(2 i r W= ()

t~channel: 1 N
a(1) [g] w-@ (18

Grove 19 u(32) b(2) u(32) W)

Multiplicity: 4 l'\. .tétl' B2
Resonances: 0 T . (
(1) ’-‘ % 5(1)

Log-enhanced: 2
t-channel:

Complicated processes: factorization into production and decay with the unstable option
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Why care about beamstrahlung / ISR ?

]_ s e —TRaA ]

- ]\Cf fb/GeV] efe” — bbIxg -

: 1

0.1 4

- b
0 200 400 600 300

M miss [GGV]
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Why care about beamstrahlung / ISR ?

= e -
P fh/GeV] ete” — b X3 =
E A M miss w. ISR + beamstr. -
E ]
0= s
0 200 400 600 300
Mmiss [GGV]
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